The biopsy operation, especially in lungs, is essential to inspect whether some detected tumors are malignant or benign. But it requires a series of precise and careful actions which is time-consuming and the operator is easy to be exposed to over-radiation. We developed a distantly controlled robot for the CT-guided biopsy which is radiation-free. The robot system is easily and precisely controlled in distant from the radiation source and most actions of the biopsy operation can be automated. Also this robot has a specially designed needle insertion device which does less pain to the patient. 
Introduction
In virtue of state-of-the-art medical devices and robots, there has been remarkable progress in the medical examination, tests, and treatment. However, in spite of these advancements, definitive decisions on malignant tumors usually tend to depend on the pathological proofs.
Percutaneous biopsy is an efficient and safe method of obtaining a cytologic and histologic diagnosis of suspicious lung tumor detected on chest radiographs or computed tomography (CT). CT-guided biopsy is now the preferred method of percutaneous biopsy in the thorax because CT usually provides excellent visualization of the target lesion for biopsy and differentiation from adjacent organs. With CT-guidance it is possible to perform a biopsy on almost any portion of the chest with a high degree of safety, minimal morbidity and a very high degree of diagnostic accuracy. However, CT-guided biopsy procedure requires a series of precise and careful actions which can be time-consuming, and operator -dependant. In addition, there is a risk of a lot of radiation exposure both on operator and the patients during the procedure. During the past years there has been growing interest in developing an effective, safe, and rapid way to perform CT-guided biopsy procedure [1] .
The purpose of our robot system is to develope the robot system and enable the automatic procedures for lung biopsy operation which have been mainly done by human operator. In addition to safe and comfort to the operator, the operation makes it timely efficient and accurate positioning or controlling in needle insertion process.
CT-guided biopsy operation
The CT-guided biopsy operations can be classified as sequential CT-guidance operation, and CT-fluoroscopic guidance. During the biopsy procedure, the operator look at the CT image and insert the biopsy needle manually from his or her immediate perception. So these actions depend on individual operators' ability and experience.
CT-fluoroscopic guidance was introduced for this purpose and real-time visualization under CT-fluoroscopy lead to remarkable reduction of procedure time and increase in procedure reproducibility and accuracy in the case of incompliant patients [2] [3] . However, the use of CT-fluoroscopy has declined mainly because the increase in radiation dose to the patients and operator is significant. In this context, sequential CT-guided biopsy has been performed because it is reasonably reliable and accurate, and operator can avoid radiation exposure during the procedure. However, this procedure might sometimes be time-consuming, and operator can't dynamically adjust the needle position under real-time image guidance.
To overcome the disadvantage of CT-guided biopsy including CT-fluoroscopy, we developed a distantly controlled robot system which performed remote controlled CT-guided biopsy procedures. The robot system is easily and precisely controlled in distant from the radiation source and operators can conduct biopsy procedure at least as precisely and rapidly as under the CT-fluoroscopy guidance without any radiation exposure.
In addition, there can be a potential that most of biopsy operations can be automated. Also this robot has a specially designed needle insertion device which does less pain to the patient and it is also controlled by precisely movement of the master device, i.e. 3D space mouse in this system.
Robot system development

Schematics on Kinematics
The CT-guided biopsy should be operated in limited Firstly, derivatives of equation (1) are calculated as, (8) In the same as equation (2), matrix formulation can be done as follows. (9) The above equation can be presented as next simple form, (10) Here, J is the Jacobian matrix which means the derivative transformation of forward kinematic formulations.
Next equation is formulated for real time control angles by Jacobian rule.
From the equation (12) 
Control System Design
The control frames can be divided as 6 frames and they are numbered from surface to connection plate of the upper body. We can imagine the simplified frame model which has one DOF joint or link. They are connected to each other and between frame A and B we can define as next equation,
In eqn. (13), q is the displacement vector and the character alpha means angular acceleration, and S and C means Sine, Cosine function. The matrix formulatioin of Jacobian is isolated 3 terms about x, y, z axis. Through mathematical calculation 9 terms can be derived from sensible values in the symbolic representations. In the same way, from frame A to C it can be defined as follows,
For the consideration of mechanical inertia forces and moments, Inertia torque should be considered as follows.
Finally, we can induce many mechanical design variables by using generalized active forces.
From these derived equations, dynamics simulation was performed and maximum torque or speed needed to control are estimated.
design of the needle insertion device 4.1 Design Objectives and Parameters
In general an operator set some fiducial strips on the skin to adjust an entry point into the target position. The target position and the entry point are specified in the spatial coordinate and these are represented as a point coordinate composed of three components individually.
Therefore these two significant points make one vector component in the spatial coodination system which start from the entry point to the target point. For automatically controlled biopsy, the needle insertion device should be positioned to the specified point and its needle should be directed to be a specified direction which is determined from the specified vector in above mentioned. Precisely the robot manipulator should be controlled for the needle insertion device let the needle itself to be ready to go directly trhough the target point from the entry point which is calculated from the CT-image and specified position defined on a base coordination system of which has the origin at the center of buttom in the robot manipulator basis link. As above described, the biopsy robot is controlled in distant outside the CT machine 
Design Objectives and Parameters
From derived equations, the analysis of position and velocity of the needle tip during insertion process was simulated by MATLAB programming. 
